Background: Several conserved families of nucleotide exchange factor interact with heat shock protein 70 (Hsp70) with unknown functional preferences. Results: Multiple assays for Hsp70-dependent cellular activities reveal major functional defects primarily in cells lacking heat shock protein 110 (Hsp110). Conclusion: The Hsp110 NEF plays a dominant role in Hsp70-mediated processes. Significance: Hsp110 may be a high value target for therapies to treat protein misfolding diseases.
proteins provide a model in which Hsp70 participation in various cellular networks is determined by its co-chaperone interactions.
In contrast to the highly conserved core domain architecture of J proteins, three NEF families distinct in both sequence and structure have been identified: Hsp110, HspBP1, and Bag domain-containing proteins (19) . Hsp110 is represented by Sse1 and Sse2 in yeast and is a divergent relative of Hsp70, with an NBD and SBD, the latter domain lengthened by the presence of an extended linker between the SBD␤ and SBD␣ subdomains. Hsp110 proteins bind Hsp70 with high affinity to form a functional heterodimer, with co-crystal structures indicating that the NBDs of Hsp70 and Hsp110 interact, whereas the extended linker region between SBD␤ and SBD␣ allows the ␣-helical bundle to wrap around the NBD of Hsp70, leaving the Hsp110 ␤-sandwich domain exposed and in close proximity to the Hsp70 SBD (20 -23) . The structural similarity of these two proteins is reflected in the demonstrated interaction of purified Hsp110s with substrate in a manner that prevents aggregation (holdase activity) but does not result in refolding (24 -26) . HspBP1/Fes1 is composed nearly exclusively of armadillo repeats that bind and distort the Hsp70 NBD to promote nucleotide release (27, 28) . The Bag family is composed of six related proteins in humans, with at least two different structural arrangements of a triple helical bundle (15, 29) . A single yeast protein, Snl1, contains a functional Bag domain, is tethered to the endoplasmic reticulum membrane via an amino-terminal transmembrane region, and may play a role in translation based on its ability to associate with 80 S ribosomes (30, 44) . Sse1 is the most abundant of all the NEFs at ϳ70,000 molecules/cell, whereas Fes1 is present at approximately one-fifth the level of Sse1 and Snl1, and Sse2 levels are 15-20-fold lower than Sse1 (31) . Of the four NEF genes, only SSE2 is significantly induced by stress. Deletion of Sse1 results in slow growth and temperature sensitivity, and Hsp110 is essential in yeast because simultaneous deletion of both SSE1 and SSE2 is lethal (32, 33) . FES1 disruption causes a mild slow growth phenotype exacerbated by heat shock (34) . To date, no phenotypes have been associated with mutations in SNL1 or SSE2.
Functionally, Sse1 and Fes1 have both been shown to be involved in prion formation and curing, because Sse1 is required for [PSIϩ] propagation, and deletion of either SSE1 or FES1 blocks [URE3] propagation (35, 36) . Sse1 has been impli-cated in Hsp70-mediated protein folding at the ribosome, Hsp90 chaperoning of signal transduction, and post-translational translocation of pre-pro ␣-factor (21, 22, 37, 38) . Both Sse1 and Fes1 participate in Hsp70-dependent ubiquitination and degradation of misfolded proteins (39 -43) . Snl1 was recently shown to bind intact ribosomes via a polybasic region adjacent to the Hsp70-binding Bag domain, although the consequence of this association is not known (44) . These studies, carried out in different strain backgrounds with different model clients, have contributed in a piecemeal fashion to understanding how the NEFs function individually, but how they are integrated into a comprehensive cellular proteostasis network is still unclear. Additionally, it is not known why Hsp70 NEF function has independently arisen at least three times, given that the relative rates of exchange measured in vitro are approximately equivalent. These are highly relevant considerations, given that human disorders are associated with NEF dysfunction. Marinesco-Sjøgren syndrome is an autosomal recessive cerebellar ataxia caused by a mutation in Sil1 (BAP), an NEF for the ERresident Hsp70 BiP (45) . Loss of Hsp110 is additionally associated with Tau pathology in a mouse model and huntingtinrelated neurodegeneration in a Drosophila model (46, 47) .
In this study, we undertook a comprehensive genetic and cell biological analysis of cytosolic Hsp70 NEF functions to determine functional specificity. We report that deletion of SSE1 uniquely results in severe defects in Hsp70-mediated protein biogenesis and quality control, whereas surprisingly, NEFs are not required to assist in refolding of a model misfolded substrate. Deletion of both major soluble NEFs results in constitutive derepression of the heat shock transcription factor Hsf1, consistent with a role for Sse1 and Fes1 in governing cellular responses to stress through Hsp70. We find that Fes1 associates with the general Hsp70 Ssa1/2, but not the co-translational Hsp70 Ssb1/2 in vivo, in contrast to Sse1, which binds both, providing a possible driver of functional specificity. These findings, along with the absence of consequences for deletion of SSE2 or SNL1, led us to conclude that Hsp110 may be the principal NEF in yeast and possibly higher eukaryotic cells.
EXPERIMENTAL PROCEDURES
Strains and Plasmids-All strains are isogenic to BY4741 and are listed in Table 1 . Construction of deletion strains was done by generating deletion cassettes in pBluescript II carrying the To facilitate analysis of protein biogenesis and refolding, plasmid p425MET25-FFL-GFP (a kind gift of J. Glover, University of Toronto) expressing firefly luciferase fused to GFP was modified as follows (48) . The URA3 gene was amplified from pRS426 using oligonucleotides containing homologous 5Ј and 3Ј regions of the LEU2 gene (49) . The leu2::URA3::leu2 amplicon was co-transformed with p425MET25-FFL-GFP into BY4741 cells, selecting for Ura ϩ Leu Ϫ transformants arising through homologous recombination. The modified plasmid was rescued into Escherichia coli, purified and verified by sequencing. The p425MET25-FFL-GFP-leu2::URA3 construct was transformed into NEF deletion strains using the rapid yeast transformation protocol (50) . For Hsf1 activity assays, pSSA3HSE-lacZ was transformed into indicated strains (51) . For degradation analysis, strains were constructed using pRH2081 (kind gift of R. Hampton, University of California, San Diego), an integrative plasmid that carries TDH3-driven CPY ‡ -GFP (40) . The plasmid was linearized using restriction endonuclease Van91I and transformed into wild type and NEF deletion strains. For immunoprecipitation analyses, yeast cells were transformed with either p413TEF-FLAG-SSE1 or p413TEF-FLAG-FES1, which were constructed by standard subcloning procedures from p414TEF-FLAG-SSE1 and p414TEF-FLAG-FES1, respectively using SpeI/ XhoI restriction sites into the 413TEF vector (44, 52) . Yeast Growth-Yeast cells were incubated in yeast peptone dextrose (YPD), or dropout medium, SC-URA or SC-HIS, overnight at 30°C. Cells were then subcultured to midlog phase A 600 ϭ 0.5-1.0. For NEF deletion strain growth analysis, cultures were diluted to A 600 ϭ 1.0, and 1:10 dilutions were made and spotted on YPD plates. To identify growth phenotypes in both optimal and stress-inducing growth conditions, plated cells were incubated at 15, 25, 30, and 37°C for up to 5 days. To test azetidine-2-carboxylic acid (AZC) toxicity, strains were grown overnight, and 1:10 dilutions were plated on SC medium or SC ϩ 2 mM AZC and incubated at 30°C for 3-5 days. For de novo folding analyses, NEF deletion strains containing p425MET25-FFL-GFP-leu2::URA3 were grown overnight in SC-URA medium containing 200 M additional methionine (methionine represses expression of FFL-GFP under the MET25 promoter), subcultured in the same medium, grown to early log phase (A 600 ϭ 0.4 -0.5), and then induced in SC-URA-MET medium. Refolding assays were performed using NEF deletion strains containing p425MET25-FFL-GFP-leu2::URA3 grown overnight in SC-URA and subcultured to mid-log phase A 600 ϭ 0.8 -1.0. Cells were induced in SC-URA-MET for 1 h at 30°C. Prior to heat shock, cells were treated with 100 g/ml of cycloheximide, incubated at 42°C for 25 min, and recovered for 60 min at 30°C. For degradation analysis, log phase cells were treated with 100 g/ml cycloheximide. To control for strain effects on folding of GFP, cells were transformed with p316CUP1-GFP. For all strains, cells in logarithmic phase growth were treated with 50 M CuSO 4 for 1 h to induce GFP expression prior to microscopy.
Fluorescence Microscopy-Cells were collected and visualized using an Olympus IX81-ZDC inverted microscope as described previously (53) . To test steady state protein solubility, log phase cells bearing p425MET25-FFL-GFP-leu2::URA3 were visualized without induction or repression. For refolding analysis, samples were collected prior to heat shock, immediately following heat shock, and 60 min after heat shock to view using fluorescence microscopy. To perform degradation assays, samples were collected immediately after cycloheximide treatment and 1 and 2 h after treatment. Quantitation was done by counting ϳ100 cells and dividing the number of cells containing aggregates by the total number of cells counted.
Firefly Luciferase Activity Assay-To test steady state FFL activity, light unit measurements were taken when cells reached log phase exactly as described (53) . In short, an automated plate reader protocol (Biotek, Winooski, VT) was used to inject 100 l of cells with 50 l of D-luciferin reagent (Sigma) in a 96-well white plate (Greiner, Monroe, NC) followed by mixing and a luminescence reading. For refolding analysis, the activity was measured after cycloheximide treatment, prior to heat shock. In addition, an automated protocol was programmed using the Synergy MX plate reader to measure luminescence via luciferin injection immediately after heat shock and at 60 min into recovery at 30°C (53) .
Western Blot Analysis-For folding and immunoprecipitation analyses, proteins were isolated using glass bead lysis as described (44) . Western blot analysis was performed using anti-Ssa1/2 polyclonal antibodies (from M. Ptashne, Sloan Kettering Institute), anti-Ssb1,2 polyclonal antibody (from E. Craig, University of Wisconsin), anti-GFP monoclonal antibody (Roche), or anti-FLAG monoclonal antibody (Sigma), and the procedure was done as described (44) . For degradation analyses and Hsf1 derepression assays, denaturing extractions were performed. Cells were resuspended in 200 l of SUME buffer (1% SDS, 8 M urea, 10 mM MOPS, 10 mM EDTA) ϩ protease inhibitors (2 g/ml aprotinin, 2 g/ml pepstatin A, 1 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 2 g/ml chymostatin). Glass beads were added, and cells were lysed by vortex mixing for 3 min and then centrifuging cells at 4,600 ϫ g for 5 min at room temperature. Supernatant was transferred to a new tube, 6ϫ SDS sample buffer (350 mM Tris-HCl, pH 6.8,, 36% glycerol (v/v), 10% SDS (w/v), 5% ␤-mercaptoethanol (w/v), and 0.012% bromphenol blue (w/v)) was added, and sample was boiled at 65°C for 10 min. Proteins were separated with 15% SDS-PAGE and transferred to a PVDF membrane. For degradation analysis ␣GFP or ␣PGK (Invitrogen) primary antibodies were used. Hsf1-regulated proteins were detected using ␣-Cpr6 (kind gift of J. Johnson, University of Idaho), ␣Hsp104 (Enzo Life Sciences, Farmingdale, NY), and ␣-Sti1 (D. Toft, Mayo Clinic). To visualize proteins, membranes were exposed to enhanced chemiluminescence reagents and developed on x-ray film using a developer or a C-DiGit Blot Scanner and ImageStudio software (LI-COR Biosciences, Lincoln, NE).
Hsf1 Derepression Assay-Cells expressing the pSSA3HSE-lacZ plasmid were grown to mid-log phase. Activity of Hsf1 was determined by adding 50 l of cell suspension to 50 l of Beta-Glo reagent (Promega, Madison, WI) in a white 96-well plate. After a 30-min incubation at 30°C, the Synergy MX plate reader was used to measure luminescence.
Immunoprecipitation-In vitro immunoprecipitation was done using E. coli purified FLAG-Fes1 (3 g/l) incubated with no lysate or whole cell lysate at 4.5 or 7.5 g/l and a slurry of M2 FLAG resin (Sigma) for 2 h (44). Protein was eluted using 30 l of 200 g/ml 2ϫ FLAG peptide (SigmaGenosys, Houston, TX). For in vivo FLAG-Fes1 immunoprecipitation, strains expressing empty vector p413TEF or p413TEF-FLAG-FES1 were grown to midlog phase, and protein was isolated using glass bead lysis. 10 l of supernatant was mixed with 10 l of 2ϫ SDS-PAGE sample buffer and boiled at 65°C for 10 min. The remaining supernatant was transferred to a new tube, and 30 l of FLAG resin was added with 700 l of TEGN ϩ protease inhibitors. The IP was incubated for 2 h at 4°C with rocking followed by eight washes with 500 l of TEGN ϩ protease inhibitors. After beads were washed 40 l of FLAG peptide (final concentration, 7 g) was added and incubated at 37°C for 25 min. Protein solution was centrifuged and 40 l was transferred to a new tube, 1ϫ SDS-PAGE sample buffer was added, and samples were boiled at 65°C for 10 min.
Statistical Analysis-All experiments were performed in triplicate, and the results shown are means Ϯ S.D. Significance comparisons were performed using the two-tailed Student's t test. p values are represented as follows: *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005. Differences in data sets were considered to be statistically significant for all comparisons where p Ͻ 0.05.
RESULTS
Disruption of genes encoding cytosolic NEFs negatively impacts cell growth in yeast. For example, loss of Sse1 was previously identified to cause a severe growth defect, whereas loss of both Hsp110s results in lethality (32, 33) . In addition, fes1⌬ strains exhibit a moderate growth defect exacerbated by deletion of Sse1 (13) . To comprehensively investigate the contributions of all four yeast NEFs to growth under optimal and stress conditions, a combinatorial and isogenic deletion collection was constructed, and dilutions were spotted onto YPD plates ( Fig. 1A ). We confirmed a major slow growth phenotype for sse1⌬, a moderate growth defect for fes1⌬ cells, and an additive severe growth defect for sse1⌬ fes1⌬ cells at normal growth temperatures of 25 and 30°C. No growth defects were observed for the sse2⌬ and snl1⌬ strains. Interestingly, a similar slow growth phenotype was caused by simultaneous loss of both Sse1 and Snl1 but was not observed in any of the other double knock-out strains. Neither of the triple deletion strains showed any synthetic enhancement over the parent double knock-outs. Heat shock (37°C) sensitivity is generally associated with protein misfolding/denaturation defects and sensitivity to cold shock (15°C) with defects in translation. Slow growth caused by deletion of SSE1 is intensified during both temperature stresses, with a striking sensitivity to cold shock consistent with previous observations and known roles in protein synthesis. Although fes1⌬ cells exhibited sensitivity to heat stress, only a minor growth reduction was seen at 15°C. Again, double-and triplemutant phenotypes were largely dictated by the presence of sse1⌬ or fes1⌬ deletions, and no additional synthetic interactions were detected. To further quantify the respective growth phenotypes, microwell automated growth curves were performed, and generation times were calculated, revealing three distinct classes of growth phenotypes (Fig. 1B) . The first group, which included the snl1⌬ and sse2⌬ deletion strains, grew at wild type rates (doubling time (T D ) ϭ 1.8 -1.9 h). The second group exhibited moderate relative growth defects (T D ϭ 2.0 -2.2 h) and are associated with loss of Fes1. The third group displayed severe relative growth retardation (T D ϭ 2.5-3 h), which reflected the absence of Sse1. Together these data indicate that Sse1 is the most important single NEF for maximal proliferation at all tested temperatures. Fes1 appears to be FIGURE 1. Growth analysis of wild type and nucleotide exchange factor deletion strains. A, serial dilutions of cells were plated onto rich (YPD) medium and incubated at the indicated temperatures. All other strains have the indicated genotypes. B, automated growth curves in liquid medium were generated as described under "Experimental Procedures." WT, black; sse1⌬, blue; sse2⌬, gray; fes1⌬, red; snl1⌬, maroon; fes1⌬ sse1⌬, yellow; fes1⌬ sse2⌬, orange; fes1⌬ snl1⌬, light purple; snl1⌬ sse1⌬, light blue; snl1⌬ sse2⌬, brown; fes1⌬ snl1⌬ sse1⌬, violet; fes1⌬ snl1⌬ sse2⌬, green. required for heat tolerance in strains expressing Sse1 or Sse2, suggesting it has unique roles that contribute to survival under these conditions.
The preceding growth assays provided an important top level analysis of relative NEF contributions to cell viability, paving the way for more in-depth investigation into specific roles each factor plays in critical cellular Hsp70-mediated functions. We first examined whether the NEFs play differential roles in protein biogenesis. Sse1 has been previously shown to have a role in protein refolding in vitro and in vivo and in de novo folding in vivo (11, 12) . Human Hsp105 (Hsp110) has been shown to be important in CFTR folding in vivo (54) . Roles of the other NEFs have not been fully investigated. To identify relative contributions of the NEFs to Hsp70-mediated protein folding, we utilized a well established yeast model folding substrate, firefly luciferase fused to green fluorescent protein (FFL-GFP; Fig. 2A ) (48) . This construct allows for enzymatic assay of properly folded luciferase in addition to surveillance of protein solubility via fluorescence microscopy. In addition, expression of the fusion protein is regulated by the methionine-repressible MET25 promoter, which allows precise control of synthesis initiation and termination. The FFL-GFP plasmid was transformed into wild type cells and each of the NEF single deletion strains. For steady state analysis, cells harboring FFL-GFP were grown to logarithmic phase without induction or repression, resulting in low level production of the fusion protein as visualized using fluorescence microscopy. Representative images of the population show that the sse1⌬ and fes1⌬ strains both contain cytosolic FFL-GFP foci, implying aggregation, whereas the protein was soluble in wild type, sse2⌬, and snl1⌬ cells. In addition, GFP alone failed to aggregate in any strain, demonstrating that the FFL moiety was serving as a proteostasis sensor (Fig.  2B ). Because properly folded FFL-GFP should be expected to be enzymatically active, we determined steady state levels of luciferase activity in living cells as shown in Fig. 2C . As expressed in arbitrary relative light units, nearly complete loss of activity The FFL-GFP construct is grown in the presence of minimal methionine and is therefore not fully repressed, leading to low level expression. C, steady state FFL activity monitored in the same cells as B. D, de novo folding kinetics of wild type or NEF deletion strains monitored over 120 min. WT, black; sse1⌬, blue; sse2⌬, gray; fes1⌬, red; snl1⌬, maroon. Strains were shifted to methionine-free medium to fully induce FFL-GFP expression. E, Western blot of FFL-GFP protein levels from the same cells as in D. Monoclonal antibody against phosphoglycerate kinase (PGK) was used as a load control. RLU, relative light units. relative to wild type was observed in the sse1⌬ strain, whereas a moderate defect was found in fes1⌬ cells. Cells lacking SSE2 or SNL1 displayed essentially wild type levels of luciferase activity. These data suggest that the aggregation phenotypes observed via microscopy correlate with enzymatically inactive FFL-GFP, and that cells lacking SSE1 are severely compromised in biogenesis of this model protein. Because the steady state analysis is a function of both protein production and degradation, we probed de novo folding specifically by inducing FFL-GFP expression through methionine withdrawal and measuring luciferase activity over time. As previously reported, the sse1⌬ deletion strain was impaired in producing enzymatically active protein both in terms of kinetics and total yield ( Fig. 2D) (11) . Interestingly, none of the other NEF deletion mutants exhibited significant reductions in FFL-GFP biosynthesis over the 120 min time course. Western blot analysis of the same samples with anti-GFP showed similar levels of overall FFL-GFP synthesis, suggesting that differences in luciferase activity are due to folding and maturation of the enzyme (Fig. 2E ). In addition, newly synthesized FFL-GFP remained soluble over the entire time course in all strains, as judged by fluorescence microscopy (data not shown). Overall these data indicate that Sse1 is required for folding, and both Sse1 and Fes1 are required for maintenance of newly translated FFL-GFP, and in their absence a fraction of the total pool aggregates over time. However, the nonaggregated FFL-GFP in fes1⌬ cells is likely properly folded as indicated by much higher luciferase activity levels relative to sse1⌬.
Proteotoxic stress may result in unfolding of both nascent and folded proteins. In addition to other chaperones, Hsp70 is required to stabilize and refold these substrates (55) . Consistently, yeast cells defective in cytosolic Hsp70 (Ssa), or the disaggregase Hsp104, fail to recover activity of model substrates after heat shock (53, 56) . Although Sse1 has been shown to be important for refolding of firefly luciferase after temperature inactivation, little is known about the roles of the other NEFs in yeast or higher eukaryotes (11, 12) . We addressed this question by an alternative experimental protocol using the strains described in Fig. 2 . Cells harboring FFL-GFP or GFP alone were grown in repressing medium and then transferred to induction conditions for 1 h. Cells were then treated with cycloheximide to halt protein synthesis and heat shocked at 42°C followed by recovery at 30°C (Fig. 3A) . Cells were visualized prior to heat shock, immediately after, and 60 min into recovery. As shown in Fig. 3B , newly synthesized FFL-GFP was completely soluble in all strains. After heat shock, FFL-GFP formed multiple aggregates per cell that appeared to be resolubilized over the 60-min recovery period. GFP alone was insensitive to heat shock. FFL-GFP enzymatic activity was also measured in the same cultures and normalized to the pre-heat shock values. Surprisingly, all the NEF deletion strains recovered activity at least to wild type levels (Fig. 3C) . In our experiments, the fes1⌬ deletion strain recovered activity to a slightly higher level than the wild type strain but also appeared to lose less activity upon heat shock (ϳ45% reduction versus greater than 75% for all other strains). These data suggest that none of the NEFs are individually for pre-heat shock cells and cells 0 (white bars in C) and 60 min (gray bars in C) after heat shock. GFP only controls are represented in the right panels, and they were visualized at 30°C (before heat shock, pre-HS) or immediately after heat shock at 42°C (after heat shock, post-HS). C, FFL activity from the same cells as in B. Refolding efficiency is calculated as a percentage of initial activity pre-heat shock. CHX, cycloheximide. required for resolubilization and refolding of an inactivated and aggregated protein in vivo. We therefore tested the sse1⌬fes1⌬ double deletion strain predicted to lack nearly all cytosolic NEF functions and observed that although enzymatic activity was again recovered to WT levels, a significant fluorescence signal was retained in cytosolic foci. These results suggest that mobilization of refolded proteins from aggregates may be compromised in the absence of Fes1 and that either refolding does not rely on NEF activity to a significant degree or that Sse2 and Snl1 may contribute enough exchange activity to mask defects in the sse1⌬fes1⌬ double deletion strain. Furthermore, these data suggest that Hsp70-mediated biogenesis and refolding/repair have distinct NEF chaperone requirements.
In eukaryotic cells the heat shock response (HSR) responsible for production of cytoprotective factors including heat shock proteins is primarily regulated by the transcription factor HSF1 (57). In both yeast and mammalian cells, HSF1 is repressed by the Hsp70/Hsp90 chaperone network in the absence of stress and activates transcription from promoters containing heat shock elements (HSE) bound to DNA as a trimer (58 -60) . Human HSF1 is primarily retained as a monomer in the cytoplasm by the chaperones, whereas yeast Hsf1 is constitutively nuclear and bound to high affinity promoters (61, 62) . It is thought that Hsp70/Hsp90 associates with DNA-bound yeast Hsf1, maintaining it in a transcriptionally inactive state (59) . We and others have previously shown that deletion of either SSE1 or FES1 results in constitutive HSR up-regulation (37, 43, 63) . To comprehensively determine how the loss of the NEFs affects the HSR, we determined Hsf1 activity using a well documented HSE-lacZ reporter system (51) . Wild type, sse2⌬, and snl1⌬ strains all maintained Hsf1 in a repressed state at 30°C, demonstrating a lack of involvement for these NEFs (Fig. 4A ). As previously shown, sse1⌬ cells exhibited approximately 2-3fold derepression relative to wild type. Cells lacking Fes1, on the other hand, showed a dramatic increase (ϳ13-fold) in Hsf1 activity. Moreover, the double deletion strain, sse1⌬fes1⌬, revealed a striking synergistic effect, strongly up-regulating the HSE-lacZ reporter by nearly 30-fold. To validate the reporter results, we examined the steady state levels of three heat shock proteins whose expression is controlled by Hsf1 via Western blot analysis, focusing on the up-regulation observed in sse1⌬fes1⌬ cells. As shown in Fig. 4B , the Hsp90 co-chaperones Cpr6 and Sti1, and the disaggregase Hsp104 were all produced at much higher levels in the double deletion strain than in wild type cells in nonstress conditions, confirming global derepression of the HSR. We predicted that constitutive HSR activation resulting in increased HSP abundance should protect against high levels of protein misfolding. To test this hypothesis, we challenged cells with AZC, a proline analog that incorporates into nascent chains causing protein misfolding (41, 64, 65) . As shown in Fig. 4C , all three NEF mutant strains analyzed exhibited varying degrees of AZC resistance consistent with the levels of HSR activity observed in Fig. 4A . Strikingly, the sse1⌬fes1⌬ mutant displayed robust growth in the presence of AZC, to the point that the misfolding agent suppressed the severe slow growth defect exhibited by this strain under normal conditions. These results suggest that Sse1 and Fes1 both play major roles in regulating the HSR in the absence of stress and that Hsf1 hyperactivation in the absence of misfolded proteins may contribute to the observed growth phenotypes of cells lacking both NEFs.
Hsp70 plays a major role in protein degradation through the ubiquitin-proteasome system (66) . In this capacity the chaperone is predicted to stabilize partially folded forms and to perform the "triage" decision whether to continue the folding process or present the substrate to associated ubiquitin ligases (CHIP in mammalian cells, primarily Ubr1 in yeast) to mark for degradation. We and others have implicated NEFs in control over client fate (41, 42) . A variant of the yeast vacuolar protease carboxypeptidase Y (CPY) has been successfully used as a model protein to study chaperone involvement in regulated protein degradation (40) . CPY ‡ -GFP lacks the ER signal sequence and contains a single destabilizing mutation causing the fusion to misfold in the cytoplasm but retain GFP fluorescence to enable surveillance via microscopy (67) . The half-life of this fusion is ϳ30 -60 min in wild type cells and is significantly stabilized in cells compromised for Hsp70 function, including ssa1 ts and sse1⌬ strains (40) . We generated strains expressing CPY ‡ -GFP and followed protein stability via cycloheximide chase and Western blot analysis (Fig. 5A ). We con- firmed a nearly complete block in CPY ‡ -GFP degradation in sse1⌬ cells but noted that all other single NEF deletions and the sse1⌬fes1⌬ strain degraded the fusion with essentially wild type kinetics. Observation of CPY ‡ -GFP aggregate formation revealed patterns that closely matched these results (Fig. 5B ). Wild type, sse2⌬, and snl1⌬ cells accumulated few detectable aggregates, all of which were cleared, whereas sse1⌬, fes1⌬, and sse1⌬fes1⌬ cells contained numerous aggregates at the initiation of the cycloheximide chase. In contrast to the sse1⌬ mutant that failed to resolve and degrade the aggregates, fes1⌬ and sse1⌬fes1⌬ cells successfully eliminated CPY ‡ -GFP over the time course, as quantitated in Fig. 5C . These results suggest that Fes1 plays essentially no role in degradation of this model substrate and moreover show that degradation defects in sse1⌬ cells are suppressed by concomitant deletion of FES1. Given that fes1⌬ and sse1⌬fes1⌬ cells exhibit significant derepression of the HSR, we reasoned that enhanced production of HSPs and associated factors may accelerate CPY ‡ -GFP degradation. To test this hypothesis, we attempted to create hypomorphic mutations at the HSF1 locus in these strain backgrounds but were unable to do so, perhaps indicative of synthetic lethality. Instead we determined whether activation of the HSR via external stress would phenocopy the effects of eliminating the NEFs on Hsf1 regulation. CPY ‡ -GFP degradation kinetics were determined in wild type and sse1⌬ cells exposed to heat shock (37°C) or kept at optimal temperature (30°C) for 30 min prior to initiation of the cycloheximide chase. As shown in Fig. 5D , this brief heat shock substantially improved CPY ‡ -GFP degradation in the sse1⌬ strain, supporting the possibility that alternative factors induced in the HSR may be substituting for Sse1 to promote CPY ‡ -GFP degradation. Together, these data suggest that Sse1 is a critical Hsp70 partner for degradation of at least one misfolded protein substrate. In addition our data contrast with a recent FIGURE 5 . Sse1 uniquely contributes to Hsp70-mediated protein degradation. A, Western blot of CPY ‡ -GFP degradation over a 2-h cycloheximide chase period. PGK was used as a load control. B, representative micrographs of wild type and NEF deletion cells from the time points sampled in A. C, quantitation of aggregate-containing fraction of the total population for each strain from B at 0 (light gray bars), 1 (dark gray bars), and 2 h (black bars) (n ϭ ϳ100 cells). D, Western blot analysis of CPY ‡ -GFP degradation in wild type and sse1⌬ strains at control (30°C) or heat shock (37°C) temperatures. report that Fes1 is specifically required for recognition and processing of misfolded substrates because we find no defects in CPY ‡ -GFP degradation under conditions where sse1⌬ cells fail to degrade the same protein (43) .
Our experiments indicated that Sse1 plays roles in protein biogenesis, degradation, and Hsf1 regulation, whereas Fes1 only appeared to contribute significantly to the latter Hsp70mediated process. In addition Fes1 has been directly implicated in recognition of misfolded proteins during stress conditions. A possible explanation for this distribution of NEF dependence could be differential interaction with the two classes of cytosolic Hsp70 in yeast: Ssa is involved in all the processes we investigated, whereas Ssb likely only plays a significant role during protein translation, interacting with nascent chains by virtue of its association with the ribosome (68, 69) . To test this theory, we took advantage of previously developed co-immunoprecipitation assays using fully functional FLAG-tagged NEF alleles expressed in yeast. We first performed an in vitro binding analysis using FLAG-Fes1 produced in E. coli cells that was mixed with increasing amounts of yeast extract and affinity-purified. As shown in Fig. 6A , both Ssa and Ssb co-purified with FLAG-Fes1 as demonstrated by Coomassie staining and Western blot.
These data are consistent with a previous report that His 6 -Fesl produced in E. coli likewise binds both Hsp70s (28) . We then expressed FLAG-Fes1 and FLAG-Sse1 as a control in wild type yeast cells and immunoprecipitated the tagged NEFs (Fig. 6B ). As we previously demonstrated, Sse1 strongly interacted with both Hsp70s (22) . In contrast, Fes1 appeared to interact exclusively with Ssa in vivo, with only background amounts of Ssb co-purifying. This striking finding suggested that Fes1 may be unable to bind Ssb in living cells because of other factors. We therefore repeated the immunoprecipitation experiment in strain backgrounds chosen to address this question. To determine whether Sse1 outcompetes Fes1 for Ssb binding because of its greater abundance (71,000 versus 13,000 molecules/cell) an sse1⌬ strain was utilized (31) . To ask whether the ribosomeassociated complex, a potent activator of Ssb, was involved, we employed strains lacking Ssz1 and Zuo1, the two ribosomeassociated complex components (70, 71) . Lastly, we tested whether another factor associated with polypeptides during synthesis, the nascent chain-associated complex (NAC), was involved using cells lacking the ␤-NAC protein Edg1 and ␣-NAC Edg2 (72) . None of the gene deletions altered Fes1 interaction with Ssb, suggesting that competition and occlusion MAY 9, 2014 • VOLUME 289 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13163 at the ribosome are likely not contributing to the specificity we observed in vivo (Fig. 6C ).
Cellular Roles of Hsp70 Nucleotide Exchange Factors

DISCUSSION
The existence of at least three distinct types of eukaryotic nucleotide exchange factor for Hsp70, none of which are related to the bacterial NEF GrpE, suggests significant evolutionary selective pressure to modulate cycling of this critical chaperone. Although intense research efforts in the last decade have revealed many features of NEF function in yeast and human cells, most of the work has been focused on individual factors, sometimes leading to conflicting results. For example, deletion of FES1 led to temperature sensitive growth in two yeast strains (W303-1b and RSY801), and normal growth in another (⌺1278b) (73) . Simultaneous deletion of SSE1 and SSE2 is reported to be viable by one group and lethal by another (21, 33) . These findings prompted us to generate a collection of combinatorial yeast NEF deletion mutations in a single-strain background and to carry out functional assays in strains with significant phenotypes to parse their relative contributions to Hsp70-dependent cellular processes. Our results confirmed previous functional analyses and uncovered several previously unappreciated aspects of NEF biology. Most notably, we find that Hsp110 (Sse1) participates in multiple aspects of Hsp70 function in vivo, whereas the HspBP1 homolog Fes1 plays a more restricted role. The heat shock-inducible Hsp110 Sse2, as well as the Bag domain-containing protein Snl1, appear to have little to no impact on the processes we analyzed (Fig. 7) .
To probe NEF roles in protein biogenesis and repair, we utilized a previously generated model substrate consisting of the thermolabile protein firefly luciferase fused to the green fluorescent protein (FFL-GFP). This protein offers multiple advantages as a proxy chaperone substrate: synthesis, solubility, and enzyme activity can all be easily assayed, and expression can be controlled in the particular construct we used by a regulatable promoter. Sse1 was found to be required for production of enzymatically active FFL-GFP but not for its synthesis, whereas cells lacking Fes1 displayed only minor defects in steady state (noninduced) FFL activity (Fig. 2) . Interestingly, sse1⌬ and fes1⌬ strains both accumulated stable FFL-GFP aggregates, implying either that a subset of the aggregates in fes1⌬ cells contain active FFL or that a greater fraction of soluble FFL is active in fes1⌬ versus sse1⌬ mutants. Aggregates were not seen in any NEF deletion strain when FFL-GFP synthesis was induced by withdrawal of methionine from the growth medium and activity and solubility followed over time ( Fig. 2 and data not shown). These results suggest that FFL-GFP does not aggregate immediately upon synthesis but rather accumulates in the absence of Fes1, whereas Sse1 is required for both acquisition of enzymatic activity at early stages of biogenesis and stability at later stages. These results fit well with our finding that although Sse1 interacts with both Ssa and Ssb in vivo, Fes1 appears to exclusively associate with Ssa, restricting it to posttranslational folding (Fig. 6 ). This binding specificity is not apparent in vitro, with Fes1 produced heterologously in E. coli, nor is it due to steric hindrance with the other Ssb-associated factors we tested (28) . These results imply that Fes1 may be modified in yeast, a hypothesis we are actively pursuing. The Hsp70 chaperone system is required for refolding of damaged proteins in yeast, in collaboration with the fungal disaggregase Hsp104. It was therefore surprising to find that the NEFs do not appear to be critical for this process (Fig. 3 ). All individual NEF knock-out strains lost FFL activity and accumulated FFL-GFP aggregates after heat shock at 42°C, and most if not all foci were resolved after 60 min of recovery. Moreover, all mutant strains recovered FFL activity similar to wild type cells. We note that fes1⌬ cells partially resisted FFL-GFP misfolding in our experiments as evidenced by fewer foci and higher residual post-heat shock enzyme activity. This may be due to hyperactivation of the heat shock response resulting in increased production of HSPs including Hsp104 (see below). Cells lacking both Sse1 and Fes1 likewise exhibited no refolding defects but accumulated FFL-GFP foci that persisted after 60 min recovery, suggesting that some of the material localized to the aggregates may in fact be refolded but not mobilized or fully solubilized. Our data contrast with those of Bukau and co-workers (12) , who found that fes1⌬ cells recovered less than 50% of initial FFL enzyme activity over a similar time period. These differences may be attributable to the fact that the substrate we used includes the stable GFP moiety fused to FFL. In that report Sse1 was also found to differentially participate in refolding of monomeric FFL as compared with heterodimeric bacterially derived luciferase, raising the possibility that NEF recruitment may be substrate-specific.
In addition to established roles for Hsp70 in protein biogenesis, accumulating evidence places this chaperone at the nexus of the decision to fold or degrade damaged substrates. We examined NEF participation in this process with a permanently misfolded construct, CPY ‡ -GFP, previously shown by multiple laboratories to be ubiquitinated and ultimately degraded in an Hsp70-dependent manner (Fig. 5) . As with the FFL-GFP construct, the GFP moiety allows simultaneous surveillance of both protein level and aggregation status. As reported, sse1⌬ cells dramatically stabilized CPY ‡ -GFP levels as determined by Western blot (40) . We additionally found that this reporter protein accumulated in multiple distinct foci that persisted throughout the cycloheximide chase. Interestingly, cells lacking Fes1 exhibited similar foci that were absent in WT, sse2⌬, and snl1⌬ cells, yet cleared this material over time as indicated by fluorescence microscopy and Western blot. This result suggests that Fes1 may contribute to processing of misfolded and/or aggregated proteins but not be absolutely required to do so. In a recent study focusing exclusively on the role of Hsp70 NEFs in protein degradation, Gowda et al. (43) found that both Sse1 and Fes1 contributed to Hsp70-mediated degradation of model misfolded proteins. Because cells lacking Sse1 are also impaired in degradation of Ub V76 -Ura3, a ubiquitin-targeted but folded chimeric substrate, it was concluded that Fes1 may specifically target Hsp70 to misfolded substrates to accelerate ubiquitination. However, it is not clear how such specificity is generated, because the soluble Bag domain from Snl1 is fully competent to replace Fes1 in this process, whereas Sse1 is not (43) . We also previously demonstrated that only the Hsp110 homolog Sse2, and not the same soluble portion of Snl1 (Snl1⌬N), could efficiently rescue processing of the Hsp90 substrate Ste11 (41) . The answer may be that both soluble NEFs (Sse1 and Fes1) participate in targeting misfolded proteins for ubiquitination based on as yet undetermined features of a particular substrate.
Remarkably, deletion of FES1 in the sse1⌬ background partially restored degradation of CPY ‡ -GFP in our assays. This double mutant combination also exhibited the highest levels of derepression of the heat shock response, with corresponding overproduction of HSPs and resistance to the proteotoxic compound AZC (Fig. 4 ). Correspondingly, we demonstrated similar suppression of the sse1⌬ degradation phenotype when the experiment is conducted at 37°C. We envision two possible, and not mutually exclusive, explanations to account for activation of the HSR in these cells. Loss of both NEFs may negatively impact Hsp70-mediated folding to an extent that allows for significant accumulation of misfolded proteins, long suspected to be the primary signal for HSR activation via titration of repressing chaperones (74) . Alternatively, general protein folding may not be severely affected, and rather inhibition of Hsf1 transcriptional function by Hsp70, perhaps as part of the Hsp90 supercomplex, could be abrogated leading to HSR derepression. In support of this conjecture, we recently demonstrated that modification of key cysteine residues in Ssa1 is sufficient to induce the HSR (63) . At this time it is not possible to mechanistically deconvolute these two models because both ultimately converge on the same fundamental aspect of Hsp70 function. However, it is worth noting that mutations in the major cytosolic Hsp40 Ydj1 impair protein refolding and degradation, yet do not induce the HSR (37, 75) .
Although our current study sheds light on the distribution of labor between the cytosolic NEFs, many questions remain unanswered. Sse1 is the only one of the three that contains a substrate-binding domain, yet to date no in vivo role has been directly ascribed to this domain. Interestingly, a mutant SSE1 allele lacking NEF activity stabilizes and promotes nucleation of the prion-forming domain of Sup35, prompting speculation that the Sse1 SBD is responsible (76) . The lack of a verified mutant in this domain, preferably one that also does not impede NEF activity within the Hsp110/Hsp70 heterodimer, continues to hamper progress in understanding this important co-chaperone. The recent identification of Hsp70/Hsp110/Hsp40 complexes as functional protein disaggregases that could play a role in clearing amyloid deposits in metazoans that lack Hsp104, further underscores the importance of understanding and perhaps decoupling NEF and chaperone holdase functions (77, 78) . In addition, the high degree of conservation of orthologous Hsp70 NEF families in higher eukaryotes suggests that answers derived from these and future studies in yeast will benefit investigations into human diseases of protein misfolding.
